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Abstract
In recent years there has been increased interest in using SAR to study and monitor glaciers and ice sheets for glaciological
and climate change research. This paper describes for the first time the estimation of ice extinction through the modelling
of Pol-InSAR coherences as a combination of a surface contribution from the snow-ice interface and a volume response.
Separation of the ground and volume contributions is obtained through decomposition of the polarimetric coherency ma-
trix. Both model-based Freeman 2- and 3-component and eigenvector decompositions are examined. Ground-to-volume
scattering ratios derived from polarimetry are used in conjunction with Pol-InSAR interferometric coherences to invert
the extinction of the ice layer. Validation is performed with airborne Pol-InSAR data at L- and P-band collected using
DLR’s E-SAR system over the Austfonna ice cap in Svalbard, Norway as part of the ICESAR campaign.
1 Introduction
SAR is a powerful remote sensing tool with which to mea-
sure glaciers and ice sheets due to its high spatial resolu-
tion and wide coverage, and its ability to penetrate beneath
the ice surface to observe sub-surface structures. However,
SAR backscattering from ice remains poorly understood
including the relative importance of scattering from sur-
face and volume layers, and dependencies on frequency
and glacier facie.
The objective of this paper is to isolate the volume re-
sponse to enable estimation of the extinction of the ice vol-
ume at L- and P-band for the first time. In previous work,
e.g. [1, 2], removal of the surface component was not con-
sidered in extinction estimation. Extinction is a relevant
parameter for glaciologists since it contains information
on the density and internal structure of the ice. Decou-
pling of the surface and volume responses is achieved us-
ing eigenvector and model-based polarimetric decomposi-
tions in section 2. Ground-to-volume scattering ratios from
the polarimetric decomposition are then used in conjunc-
tion with Pol-InSAR coherences to estimate the extinction
of the ice volume for experimental data. Results and dis-
cussion are presented in section 4, followed by a summary
and a look to future work.
2 Modelling land ice extinctions
2.1 Volume isolation through PolSAR decomposition
To estimate the extinction of the ice volume, it is nec-
essary to separate the ground and volume contributions.
Here we estimate the ground-to-volume scattering ratios
through decomposition of the polarimetric coherency ma-
trix. Eigenvector decompositions [3] separating domi-
nant scattering mechanisms as well as the model-based
Freeman 3-component [4] and Freeman 2-component [5]
decompositions yield estimates of the ground-to-volume
scattering ratio at each polarisation. Each of these decom-
positions is briefly outlined below.
The eigenvalue problem can be used to generate a diago-
nal form of the coherency matrix [T ], yielding a general
decomposition into independent scattering processes [3]:
[T ] = [T1] + [T2] + [T3] = [U3][Λ][U3]
−1 , (1)
where [Λ] is the diagonal eigenvalue matrix with elements
(λ1≥ λ2≥λ3≥ 0) and [U3] = [e1, e2, e3]T is the uni-
tary eigenvector matrix with columns corresponding to the
orthonormal eigenvectors. We assume that the dominant
scattering mechanism yielding coherency matrix [T1] =
λ1(e1e
†
1) is due to surface scattering. This assumption
can be verified by examining the polarimetric properties
of [T1]. Eigenvector decomposition has the advantage in
that no underlying model is assumed.
The Freeman 3-component decomposition (abbreviated
Freeman-3) assumes that the signal consists of three com-
ponents: surface and dihedral returns from reflection-
symmetric media, and a volume component from a cloud
of randomly oriented dipoles. Combined, this gives the
following reflection-symmetric coherency matrix :
[T ] = [Ts] + [Td] + [Tv] (2)
= fs


1 β∗ 0
β |β|2 0
0 0 0

+ fd


|α|2 α 0
α∗ 1 0
0 0 0

+ fv


2 0 0
0 1 0
0 0 1

 ,
where s is surface, d is dihedral and v is volume, and fs,
fd, fv , α and β are parameters inverted from the model
used to reconstruct [Ts], [Td] and [Tv].
In applying the Freeman 2-component model we assume
that the surface response dominates, such that the returns
are from a reflection-symmetric surface and a volume of
particles characterised by a shape parameter ρ. Combined,
this gives:
[T ] = [Ts] + [Tv] (3)
= fs


1 β∗ 0
β |β|2 0
0 0 0

+ fv


1 0 0
0 ρ 0
0 0 ρ

 .
Converting the coherency matrices into covariance matri-
ces ([T ] → [C]) provides a separation of the power con-
tributions from the surface and from other components for
each linear polarisation. Ground-to-volume scattering ra-
tios m = [mHH,mHV,mVV] are then computed using the
power along the diagonals of the covariance matrices:
Eigenvector: m = diag([C1)]diag([C2]) + diag([C3])
(4)
Freeman-3: m = diag([Cs])diag([Cd]) + diag([Cv])
(5)
Freeman-2: m = diag([Cs])diag([Cv])
. (6)
Note that both Freeman-3 and Freeman-2 models assume
the surface power contributed by the cross-pol to be zero
and thus mHV = 0.
2.2 Extinction estimation using Pol-InSAR
The ground-to-volume scattering ratios estimated in the
previous step are used in combination with Pol-InSAR
interferometric coherences and a uniform-volume-plus-
ground model for determination of the ice extinction co-
efficient.
The extinction κe accounts for the combined effect of ab-
sorption and scattering in the medium and may be ex-
pressed in terms of the penetration depth dpen at which the
one-way backscattered power falls to 1/e given by [6]:
κe = − cos θr/dpen, (7)
where θr is the refracted incidence angle in the ice volume
and the cos θr factor accounts for the off-vertical travel dis-
tance of the wave within the medium. κe is the extinction
coefficient in units of m−1, although it is conventionally
quoted in Nepers as ≃ 8.686 · κe dB/m.
Let γz represent the coherence from a combination of vol-
ume scattering with complex coherence γvol and a sur-
face scattering component at the snow-ice interface whose
strength is determined by the positive scalar m. After cor-
rection of SNR and range spectral decorrelation the coher-
ence magnitude is given as [7]:
|γz| =
∣∣∣∣
γvol(κe) +m
1 +m
∣∣∣∣ , (8)
where, assuming an infinite, uniform volume γvol can be
represented by:
γvol =
1
1 + j cos θrkzvol
2κe
. (9)
In Eq. 9 j is the imaginary number and kzvol = 4pi
√
ε
λ
∆θr
sin θr
is the vertical wave number in the volume; λ is the wave-
length in free space, ε the ice permittivity and ∆θr the
difference in look angles from each antenna in the volume.
With knowledge of m from the polarimetric decomposi-
tions of section 2.1, we can solve for κe using Eqs. 8 and 9
at each polarisation and each pixel independently.
2.2.1 Simulations
Given a measure of unbiased volumetric coherence γvol,
the magnitude of Eq. 9 may be used to estimate the extinc-
tion κe:
κe =
1√
1
|γ
vol
|2 − 1
·
cos θrkzvol
2
. (10)
However, in the presence of a non-zero contribution from
the snow-ice interface, i.e. m 6=0, extinctions inverted using
Eq. 10 will be biased. If the ice is homogeneous, extinc-
tion should have no incidence angle (θinc) dependency. If
the surface scattering component is not taken into account
during inversion, there are clear trends with incidence an-
gle as seen in simulations in Figure 1, with the bias becom-
ing greater for larger ground-to-volume scattering ratios m
and longer baselines (translating to larger kzvol).
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Figure 1: Simulated inverted P-band (0.35 GHz) extinctions as-
suming a volume-only model for (a) volume-plus-ground con-
tributions for various horizontal baselines B in metres and (b)
volume-plus-ground contribution for various surface-to-volume
scattering ratios m.
3 Experimental Data
The test site lies near the Summit of the Austfonna ice
cap on the island of Nordaustlandet in northeastern Sval-
bard, Norway (∼79-80◦N, 20-27◦E) in the subpolar glacial
regime. Validation is performed using a unique Pol-InSAR
data set acquired over the Nordaustlandet ice sheet. The
SAR data were collected using DLR’s airborne E-SAR
(Experimental SAR) system as part of the ICESAR cam-
paign in March 2007. Repeat-pass fully-polarised multi-
baseline data at L- (1.3 GHz) and P-band (0.35 GHz) fre-
quencies were obtained.
4 Results and Discussion
The ground-to-volume scattering ratios estimated from po-
larimetric decompositions are used in combination with
Pol-InSAR interferometric coherences and a uniform-
volume-plus-ground model for determination of the ice ex-
tinction coefficients. Inverted extinction results at a nomi-
nal baseline of 5 m for L-band and 10 m for P-band using
the Freeman-3 model for input m values are shown in Fig-
ure 2. A subset (50 azimuth pixels wide) is outlined in red,
which is used in subsequent analysis to compare the var-
ious polarimetric decomposition methods over a smaller
area, thereby reducing computation times as well. Note
that the L- and P-band data are not perfectly coregistered,
but represent approximately the same area.
(a) L-band, B=5.0 m (b) P-band, B=10.0 m
Figure 2: Inverted extinctions in dB/m at HH assuming a
volume-plus-ground model with m values from Freeman-3.
Flight (azimuth) direction is from bottom to top. Subsets used
in Figure 3 are highlighted in red.
Extinctions inverted using the subset of pixels are shown
in Figure 3, again at a nominal baseline of 5 m for L-
band and 10 m for P-band. Extinctions have been aver-
aged through azimuth and smoothed through range to re-
duce noise, and are plotted versus incidence angle to re-
veal the existence of any trends. Examining the extinctions
inverted assuming an infinite uniform volume (Figure 3
(a) and (b)), there is a clear trend of decreasing extinc-
tion with increasing incidence angle for the co-polar chan-
nels HH and VV. The incidence angle trend mimics those
seen in the simulations of Figure 1, where the ground con-
tribution was neglected during modelling, suggesting that
the ground may also be contributing significantly to co-
herences in these experimental data. Modulated on top of
this trend are additional features likely due to ice structure,
particularly at P-band which penetrates deeper into the ice.
The resulting extinctions after removal of m using values
estimated from Freeman-3 are shown in Figure 3 (c) and
(d). At L-band the extinctions for all three linear polarisa-
tions are approximately equal and there is no distinguish-
able trend with range. At P-band the range trend has been
removed using Freeman-3, although there exist differen-
tial extinctions between HH, VV and HV which may be
due to oriented scatterers in the ice or due to inadequacies
in the model such as over-compensated HH and VV or to
unmodeled components at HV since the Freeman-3 model
assumes mHV = 0. Examining results over the entire im-
age (Figure 2), the extinction results using Freeman-3 are
generally satisfactory in that at P-band extinctions are very
homogeneous through range, highlighting the presence of
ice structures on the upper left-hand side. At L-band re-
sults are not as homogeneous, although there is improve-
ment over the uniform volume assumption (see Figure 3
(a), (c)). At mid-range there is a decrease in the magni-
tude of the inverted extinctions which may partly be due
to a ridge-type feature extending through azimuth (faintly
visible in P-band) and/or to residual surface components at
near-range in L-band.
Extinctions inverted using m from Freeman-2 are shown
in Figure 3 (e) and (f) and from the eigenvector decom-
position in (g) and (h). The eigenvector and Freeman-2
decompositions at L-band suggest an over-estimation of
the surface components in near-range since κeHV is greater
than both co-pol extinctions and for the eigenvector de-
composition there is now an inverse incidence angle trend
(i.e. increasing extinctions with incidence angle) .
At P-band Freeman-2 has decreased the magnitude of the
co-pol extinctions in comparison with results assuming a
uniform volume-only model, although a strong range trend
still exists, suggesting that the model did not completely
separate surface and volume components. The extinctions
at P-band inverted using eigenvector decomposition are
very low, indicating that perhaps the dominant surface scat-
tering mechanism overwhelms the return signal, making it
difficult to accurately estimate and thus separate out the
volume component. The assumption from section 2.1 that
the dominant scattering mechanism is surface scattering is
supported by the presence of a T1 matrix which is nearly
perfectly reflection-symmetric and which has low α1 an-
gles (indicative of surface scattering [3]) of ∼37.2 ◦ at L-
band and 17.1◦ at P-band averaged over the entire scene.
4.1 Analysis and Limitations
Although extinctions have been successfully inverted, cau-
tion must be used in their interpretation due to the existence
of several unresolved issues. Conventional surface scatter-
ing models such as the Small Perturbation Model [6] pre-
dict (to 1st order) an HV surface backscatter contribution
of zero. In some instances, especially at P-band, the HV
polarisation shows trends in κe through incidence angle,
indicating that perhaps the assumption of mHV = 0 is not
appropriate. This could be due to changes in ice structure
through range, although because we see this trend when
looking from both north and south directions (from addi-
tional data not shown here), it could indicate the existence
of increasingly complex scattering behaviour (e.g. multiple
scattering, higher order surface scattering, or very rough
interfaces).
Additionally, only results at relatively short baselines have
been inverted here. As shown in section 2.2.1, extinctions
inverted at larger baselines are more sensitive to any un-
modeled ground contributions. In addition, larger base-
lines result in lower and thus noisier coherence magni-
tudes, contributing additional uncertainties to the extinc-
tion. Proof that these models can be extended over all base-
lines is still required.
Overall, extinctions inverted using ground-to-volume scat-
tering ratios m derived from Freeman 3-component de-
composition were the most consistent with cross-pol data
and displayed the least amount of incidence-angle depen-
dency. However, Freeman-3 assumes that the volume con-
sists of randomly oriented dipoles; failures in this assump-
tion will generate errors in the estimation of the ground-to-
volume ratio m. Since a random volume should have iden-
tical extinctions for all polarisations, there are inconsisten-
cies in our modelling, but it is an important first step in
removing the ground contribution to derive unbiased land
ice extinctions. Future work will focus on modelling ori-
ented volumes to explain the observed differential extinc-
tions between polarisations.
5 Summary
In this paper extinctions for land ice have been inverted af-
ter the removal of a surface scattering component from the
interferometric coherence for the first time. Separation of
the ground and volume contributions was obtained through
decomposition of the polarimetric coherency matrix us-
ing both eigenvector and model-based Freeman-3 compo-
nent and Freeman-2 component decompositions. Extinc-
tions were inverted from experimental data over Nordaust-
landet assuming both volume-only model and volume-
plus-ground models with estimations of the ground-to-
volume scattering ratio coming from polarimetry. The
best results yielding inverted co-pol extinctions indepen-
dent of incidence angle and close to extinction magnitudes
at HV were obtained using ground-to-volume scattering ra-
tios from Freeman-3.
Future work will concentrate on further modelling im-
provements including investigation into the possibilities of
an oriented volume and the estimation of differential ex-
tinctions.
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Figure 3: Inverted extinctions for L-band (top row) at a nominal 5 m baseline and P-band (bottom row) at a nominal 10 m baseline. Val-
ues have been averaged through azimuth for a volume-only and volume-plus-ground model with various ground-to-volume scattering
ratios m .
